Autophagy is one of the major causes of drug resistance. For example, the angiogenesis inhibitor bevacizumab shows only transient and short-term therapeutic effects, whereas long-term therapeutic benefits are rarely observed, probably due to hypoxia-induced autophagy. Nitric oxide (NO) is an important molecule with multiple functions, and it has recently been reported to function as a regulator of autophagy. Therefore, a reasonable therapeutic strategy for overcoming drug resistance by NO would involve it being directly delivered to the tumor. Here, we investigated the inhibitory effect of NO on autophagy by using a macromolecular NO donor S-nitrosated human serum albumin (SNO-HSA) with a high degree of NO loading and tumor targeting potential. In colon 26 (C26) cells, SNO-HSA significantly suppressed hypoxia-induced autophagy by inhibiting the phosphorylation of JNK1 and the expression of its downstream molecule Beclin1. The effect of SNO-HSA was also confirmed in vivo by combining it with Bev. In C26-bearing mice, significant suppression of tumor growth as well as lung metastasis was achieved in the combination group compared to the SNO-HSA or bevacizumab alone group. Similar to the in vitro experiments, the immunostaining of tumor tissues clearly showed that SNO-HSA inhibited the autophagy of tumor cells induced by bevacizumab treatment. In addition to other known antitumor effects of SNO-HSA, that is, the induction of apoptosis and the inhibition of multidrug efflux pumps, these data may open alternate strategies for cancer chemotherapy by taking advantage of the ability of SNO-HSA to suppress autophagy-mediated drug resistance and enhance the efficacy of chemotherapy.
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C ancer remains one of the major causes of human death in most advanced countries. In early-stage cases, the best treatment of cancers is surgical removal, especially for those confined to a limited area and without metastasis. Chemotherapy is an alternate major method for controlling cancer. However, conventional chemotherapy, which usually uses low molecular weight drugs, is far from successful. One major cause of this problem is a lack of tumor selectivity, resulting in severe adverse effects that limit the use of such approaches. As a result, many efforts have been made to increase tumor selectivity, that is, molecular target drugs (1) and, more importantly, macromolecular drug-based tumor tissue targeting by taking advantage of the enhanced permeability and retention (EPR) effect. (2) (3) (4) Accordingly, increasing numbers of tumortargeted anticancer drugs are currently available and some are now in clinical trials, and many others are in preclinical stages. (1, (3) (4) (5) (6) Another major problem hampering the efficacy of many anticancer drugs is the acquisition of drug resistance. Many anticancer drugs show decreased therapeutic effects after several cycles of drug treatment. Regarding the mechanisms of drug resistance, multidrug efflux pumps such as P-glycoprotein and ABC transporters are known to be involved. (7) (8) (9) It has also recently been reported that autophagy is significantly associated with the process of drug resistance. (10) (11) (12) (13) (14) (15) Autophagy is the basic catabolic mechanism of cells to degrade unnecessary or dysfunctional cellular components through the actions of lysosomes, (16) which can ensure cellular survival during starvation by maintaining cellular energy levels. (16) Tumor cells may thus use this mechanism to maintain their growth under severe environments, for example, hypoxia and glucose starvation, thus affecting the therapeutic effects of anticancer drugs or inducing drug resistance. For example, bevacizumab (Bev), an inhibitor of angiogenesis, which is clinically used for the treatment of metastatic colorectal cancer, non-small-cell lung cancer, glioblastoma, and metastatic kidney cancer, shows relatively good short-term therapeutic effects, that is, disrupted and decreased tumor vasculature and suppression of tumor growth. However, the decreased tumor vasculature ⁄ blood supply generates hypoxic conditions in the tumor which, in turn, induces autophagy, resulting in the regrowth of the tumor. As a result, no long-term therapeutic benefits can be achieved. (10) (11) (12) (13) (14) (15) Clinical trials using autophagy inhibitors with conventional anticancer drugs further support the importance of controlling autophagy. (17) (18) (19) (20) Nitric oxide (NO) is a widely known signal molecule with versatile functions in many biological and pathological processes. (21, 22) The effect of NO is dose-dependent; low or moderate concentrations of NO are important for cell growth and signal transductions, but high or excessive amounts of NO may induce apoptosis of cells. (21, 22) More recently, NO was also reported to downregulate autophagy. (23) The delivery of NO to a tumor may thus become a new therapeutic strategy for overcoming drug resistance through the inhibition of autophagy.
In our laboratory, we previously developed a macromolecular NO donor in which NO was chemically bound (6.6 mol ⁄ mol) to the SH group of human serum albumin (HSA), namely S-nitrosated HSA (SNO-HSA). (24, 25) Because of its macromolecular nature, SNO-HSA showed more selective accumulation in tumor and thus the release of NO in tumor tissue based on the EPR effect, (26, 27) the excessively levels of NO generated in tumor tissues thus triggered the apoptosis of tumor cells, resulting in a marked delay in tumor growth in vivo, suggesting the potential of SNO-HSA as a new anticancer agent. (24) (25) (26) (27) Along this line, in the present study, to further investigate the potential of SNO-HSA as an antitumor molecule, we focused on the effect of NO on autophagy, which was examined in a mouse colon cancer cell line, colon 26 (C26), and its therapeutic potential was further examined when used in combination with Bev.
Materials and Methods
Materials. Human serum albumin of mean molecular weight of 66 500 was generously provided by the Chemo-Sero-Therapeutic Research Institute (Kumamoto, Japan). Isoamyl nitrite and diethylenetriamine pentaacetate were purchased from Wako Pure Chemical Industries (Osaka, Japan). Paraformaldehyde and anti-light chain 3 (LC3) rabbit polyclonal antibody were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies (goat anti-human) against JNK1, phosphorylated JNK1 (p-JNK1), Beclin1, CD31, hypoxia inducible factor-1a (HIF-1a), and vascular endothelial growth factor (VEGF) were obtained from Santa Cruz Biotechnology (Dallas, TX, USA). Griess reagents (sulfanilamide, N-(1-naphthyl) ethylenediamine dihydrochloride) and 5,5 0 -dithiobis-2-nitrobenzoic acid were purchased from Nacalai Tesque (Kyoto, Japan). Bevacizumab was kindly provided by Chugai Pharmaceutical Co. Ltd. (Tokyo, Japan) All other reagents were of reagent grade and were used without further purification.
Synthesis of SNO-HSA. Preparation of SNO-HSA was carried out according to the method reported previously. (24, 25) In a typical run, 150 lM HSA was dissolved in 0.1 M potassium phosphate buffer (pH 7.8) with 0.5 mM diethylenetriamine pentaacetate, then 3 mM Traut's reagent (Pierce Biotechnology, Rockford, IL, USA) was added to react for 1 h at 25°C, after which isoamyl nitrite (15 mM) was added and allowed to further react for 3 h at 37°C. The resulting SNO-HSA was then lyophilized and stored at À80°C.
Quantification of S-nitrosated proteins. S-nitrosated proteins were quantified by the Griess method by HPLC (YMC-pack Diol-120, 300 9 8 mm; Eicom, Kyoto, Japan) as reported previously. (28) Cell culture. Mouse colon cancer cells C26 were donated by the Institute of Development, Aging and Cancer of Tohoku University (Sendai, Miyagi, Japan). The cells were cultured in PRMI-1640 medium (Sigma-Aldrich) with 10% FBS at 37°C in a 5% CO 2 ⁄ 95% air atmosphere.
Immunofluorescence study of LC3 in cells treated with SNO-HSA. To investigate the effect of SNO-HSA on autophagy, an immunofluorescence study was carried out using an autophagy marker, microtubule-associated protein 1 light chain 3 LC3. (29) In a typical experiment, C26 cells were seeded in an 8-well imaging chamber (5 9 10 4 cells ⁄ well) containing different concentrations of SNO-HSA, and the cells were incubated for 24 h. The cells were collected and fixed by treatment with 4% paraformaldehyde, following by a blocking process using 0.1% Triton X-100 in PBS (À) and then 1% BSA and 0.1% Tween 20 in PBS (À) (30 min each at room temperature). The cells were then treated with an anti-LC3 antibody for 2 h at room temperature according to the manufacturer's instructions. After treatment with a secondary antibody (anti-rabbit IgGAlexa555) for 1 h at room temperature, the cells were washed with PBS (À) twice, resuspended in PBS (À), and seeded in an imaging chamber. The fluorescence was quantified using a Guava easyCyte Flow Cytometry system (Millipore, Bedford, MA, USA).
Details of other experimental procedures are given in Document S1.
Results
Effect of SNO-HSA on autophagy. The effect of SNO-HSA on autophagy was first investigated in C26 cells by detecting the autophagy marker LC3, which was quantified as the fluorescence intensity ⁄ cell by a FACS method. As shown in Figure 1 , SNO-HSA significantly inhibited LC3 expression, in a dosedependent manner at concentrations up to 0.32 lM, whereas higher concentrations did not induce further inhibition. The concentrations of SNO-HSA in the following studies were thus in the range of 0.5-500 nM.
Hypoxia-induced autophagy and inhibitory activity of SNO-HSA. Hypoxia is a well-known condition that induces autophagy. We investigated autophagy under hypoxic conditions in C26 cells and examined the effect of SNO-HSA on this process. To evaluate autophagic activity more accurately, a Western blot analysis of LC3 was carried out. LC3 is a cytosolic protein that is distributed ubiquitously in mammalian tissues and cultured cells. During autophagy, the cytosolic form of LC3 (LC3-I) is conjugated to phosphatidylethanolamine to form an LC3-phosphatidylethanolamine conjugate (LC3-II), which is recruited to autophagosomal membranes. Thus, the extent of LC3 conversion (LC3-I to LC3-II) by immunoblot analysis is widely used to monitor autophagy. (30) The results are shown in Figure 2 . Although hypoxia significantly increased autophagy activity in C26 cells (increased LC3-II ⁄ LC3-I), the activity was dramatically dose-dependently suppressed by SNO-HSA. More importantly, in contrast to previous reports in which another NO donor was used, (23) relatively low concentrations of SNO-HSA (0.5-500 nM vs 100-500 lM) resulted in a significant inhibition of autophagy, probably due to the stability and sustained release of NO from SNO-HSA.
for the NO-induced inhibition of autophagy, it is known that NO inhibits autophagy mostly through the JNK1 and mTOR pathways, and Beclin1, a downstream molecule of JNK1 is also reported as an important signal molecule in hypoxiainduced autophagy. (23) We then investigated the involvement of JNK1 as well as Beclin1 in the autophagy inhibitory effect of SNO-HSA using C26 cells. Similar to the findings in Figure 2(b) , JNK1-especially p-JNK1-was upregulated during hypoxia, and this upregulation was significantly inhibited by SNO-HSA treatment (Fig. 3a) . Clearer results were observed for Beclin1; hypoxia induced an almost twofold increase in Beclin1 expression, whereas it was remarkably reversed by SNO-HSA in a dose-dependent manner (Fig. 3b) . All of the above data are consistent with the autophagy inhibition by SNO-HSA shown in Figure 2 , suggesting that SNO-HSA suppresses autophagy, at least in part, through the JNK1-Beclin1 pathway, by the generation of NO. This was supported by the suppression of hypoxia-induced autophagy using sc-200635 and curcumin, JNK1 inhibitors (Fig. S1) .
Enhanced in vivo antitumor effect of Bev by SNO-HSA. To further investigate the potential of SNO-HSA on inhibiting autophagy and thus enhancing chemotherapeutic effects, Bev, an angiogenesis inhibitor that is known to show drug resistance by inducing hypoxia and thus autophagy, (10) (11) (12) (13) (14) (15) was used in combination with SNO-HSA, and in vivo therapeutic studies were carried out using a C26 mouse tumor model. Because we previously reported that SNO-HSA itself induced apoptosis in tumors at high concentrations, (24, 25) a low dose of SNO-HSA (66.5 mg ⁄ kg) at which no induction of apoptosis was observed (Fig. S2) was applied.
As shown in Figure 4 (a), treatment with Bev or SNO-HSA alone showed weak suppression of tumor growth, however, a significant delay in tumor growth was achieved when they were combined. More importantly, a remarkable decrease in the numbers of metastatic nodules in the lung was found as the result of this combination therapy, whereas this decrease was not found when Bev was given alone (Fig. 4b) .
Effect of SNO-HSA ⁄ Bev combination therapy on angiogenesis, hypoxia, and autophagy in tumor tissues in vivo. The antitumor mechanisms involved in SNO-HSA ⁄ Bev combination therapy were then examined focusing on angiogenesis, hypoxia, and À) ) an antimicrotubule-associated protein 1 light chain 3 (LC3) antibody. Fluorescence was quantified using the Guava easyCyte Flow Cytometry system. Results are given as means AE SD. *P < 0.05, **P < 0.01 versus 1st Ab alone (n = 3). Fig. 2 . Western blot analysis of the cytosolic form of antimicrotubule-associated protein 1 light chain 3 (LC3-I) and the LC3-phosphatidylethanolamine conjugate (LC3-II) and the inhibitory activity of nitric oxide donor S-nitrosated human serum albumin (SNO-HSA). Colon cancer C26 cells were incubated under hypoxic conditions with 0.5 and 500 nM SNO-HSA for 24 h. The cell lysates were used to carry out Western blotting for LC3 and b-actin. The density of the bands was quantitatively analyzed using NIH Image J Software and they were standardized by b-actin. Results are given as the means AE SD. *P < 0.05 versus hypoxia group (n = 4). Fig. 3 . Mechanisms involved in the inhibitory effect of nitric oxide donor S-nitrosated human serum albumin (SNO-HSA) on autophagy in vitro. Colon cancer C26 cells were incubated under conditions of hypoxia with 0.5 and 500 nM SNO-HSA for 24 h. The cell lysates were used to carry out Western blotting for JNK1 and phosphorylated JNK1 (p-JNK) (a) and Beclin1 (b). The protein band that reacted immunologically with the antibody was visualized using an enhanced chemiluminescence system. Phosphorylated JNK1 was standardized by JNK1. Results are given as means AE SD. *P < 0.05, **P < 0.01 versus hypoxia group (n = 3-4). autophagy using the vascular markers CD31, HIF-1a, and LC3 immunofluorescence staining, respectively. The tumor tissue sections were divided artificially into two parts, in which the inner third was considered as the core with more necrosis, less angiogenesis, and more hypoxia, and the remaining two-thirds as peripheral tissue, which usually has a better blood supply and shows rapid tumor growth. (31) As expected, in the peripheral regions of the tumor, more active angiogenesis ⁄ vasculature was observed compared to that in the core, as evidenced by CD31 staining (Fig. 5a) ; the angiogenesis inhibitor Bev largely decreased the angiogenesis of tumors, especially in the peripheral of tumor (Fig. 5a) . A more significant suppression of tumor angiogenesis was observed when Bev was used in combination with SNO-HSA (Fig. 5a ). These results were also supported by the amount of VEGF in tumors, where the combination group showed a more significant decrease compared to the Bev alone group (Fig. S3) .
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In contrast, the core of tumors showed apparent hypoxia compared to peripheral areas, and treatment with Bev greatly induced hypoxia in the peripheral region; the combination therapy improved the hypoxic conditions in both cases, and a more significant effect was found in the peripheral region (Fig. 5b) .
In parallel with these findings and consistent with the in vitro studies described above (Figs. 1,2) , apparent autophagy as indicated by LC3 staining was detected in the untreated control and Bev-treated group, which was remarkably suppressed in the presence of SNO-HSA, in both the core and peripheral regions of the tumor (Fig. 5c) . Bev treatment induced apoptosis in tumor areas and endothelial cells, but this low dose of SNO-HSA had no effect on Bev-induced apoptosis in the tumor and endothelial cells in this study (Fig. 5d) . However, a high dose of SNO-HSA induced apoptosis in the tumor area and in endothelial cells (Fig. S2) . These findings further support the involvement of autophagy inhibition in the enhancement of the chemotherapeutic effect by SNO-HSA.
Discussion
Nitric oxide is a critical molecule in carcinogenesis and tumor progression, being involved in many cancer-associated events including angiogenesis, apoptosis, the cell cycle, tumor invasion, and metastasis. (32) However, it has only recently been considered to be a potential antitumor agent when overproduced in a tumor. (33) Therapeutic strategies using NO for cancer treatment are currently being investigated and developed, by manipulating its in vivo production and the exogenous delivery of this molecule.
In this context, we developed a NO donor using albumin as the NO carrier, SNO-HSA, which showed a high NO loading and sustained NO release. (24, 25) Using this NO delivery system, we found a remarkable induction of apoptosis in tumor cells, not only in in vitro studies, but in in vivo solid tumor models. (24, 25) In addition, because NO functions as a vascular mediator, it enhances the EPR effect and thus tumor drug delivery, especially for macromolecular drugs. (4, 34, 35) By selectively delivering NO into tumors, SNO-HSA significantly augmented the EPR effect, and thus greatly improved the chemotherapeutic effect of macromolecular anticancer drugs. (27) This finding indicates that SNO-HSA may not only become an anticancer drug by itself, but it may also greatly enhance the tumor delivery and therapeutic effect of macromolecular anticancer drugs by minimizing the drug resistance and augmenting the EPR effect.
Thus, one major strategy of SNO-HSA in improving the chemotherapeutic effects of Bev is the benefit of the EPR effect, namely that NO enhances the tumor delivery of Bev, a macromolecule that results in a significantly increased antitumor effect (Fig. 4) . However, in this study, we also found another possible mechanism of NO involving its chemotherapeutic effect: inhibition of autophagy. Autophagy in C26 cells was inhibited by SNO-HSA, not only in normoxic conditions (Fig. 1) , but also in hypoxic conditions (Fig. 2) . These data were also translated in vivo, in which SNO-HSA significantly improved the hypoxic conditions caused by Bev treatment, and suppressed autophagy in C26 solid tumor cells (Fig. 5) , resulting in a significant antitumor effect in vivo by combining Bev and SNO-HSA (Fig. 4a) . One issue that should be noted in this study is that relatively low concentrations of SNO-HSA (i.e., 0.5-500 nM in vitro and 66.5 mg ⁄ kg (<10 lM) in vivo) did not induce apoptosis in tumor cells (Fig. S2) but sufficiently suppressed autophagy. These concentrations are~1000 times lower than that reported in previous published works using a commercial low molecular weight NO donor, (23) suggesting the applicability of SNO-HSA for therapeutic gain as a NO donor. Another concern is that the reversal of hypoxia to normoxia, accompanying autophagy by SNO-HSA, is probably not due to the proangiogenic effect of NO. Indeed, the angiogenesis in tumors that were destroyed by Bev were not improved, but, rather, further deteriorated (Fig. 5) . Considering the dual functions of NO on angiogenesis, that is, a proangiogenic state at low concentrations and an antiangiogenic at high concentrations, (36) these data suggest that, although SNO-HSA was applied at low dose, the NO concentrations in tumor may gradually increase, eventually reaching relatively high levels because of the tumor targeted accumulation and sustained release of NO.
It should also be noted that autophagy is a dichotomous phenomenon. It is not only involved in cell survival but also in cell death, depending upon the amount of degradation product by autophagy and cell type. Autophagy can promote cell survival by removing old or damaged cellular organelles, which are frequently used by cancer cells to supply deprived nutrients induced by therapeutic agents. However, above a certain level, NO can also induce cell death, namely autophagy-mediated cell death. Tripathi et al. showed that NO, when applied as a gas, decreased the viability of MCF7 breast cancer cells, through an autophagy-mediated pathway. (37) Because relatively high concentrations of NO were used in that study, at 2.5 mM ⁄ min, in the presence of normoxic oxygen compared to that used in our present study (500 nM). The effect of NO on autophagy may be a concentration-dependent phenomenon. In addition, certain types of tumor cells may be sensitive to NOinduced autophagy-mediated cell death, and some may prefer the autophagy inhibitory effect of NO, which needs to be further investigated. However, these findings also suggest new insights into how to modulate the effect of NO on autophagy appropriately under different conditions, with the objective of developing more effective cancer therapies.
Regarding the mechanisms responsible for the impairment of autophagy by NO, it appears to involve inhibiting the activity of the S-nitrosation substrates JNK1 and IKKb. (23) The former involves a reduction in Bcl-2 phosphorylation and an interaction with Beclin1; the latter involves a reduction in AMPK phosphorylation, leading to mTORC1 activation. (23) This notion was partly confirmed in the present study. Namely, SNO-HSA significantly decreased the extent of JNK1 phosphorylation and the expression of its downstream molecule Beclin1 during hypoxia-induced autophagy, which occurred in parallel with the events of autophagy (Fig. 3 ).
An interesting and surprising finding in this study is that the combination therapy of SNO-HSA ⁄ Bev significantly suppressed lung metastasis of C26 solid tumor cells in a remarkable manner, to a far greater extent than autophagy parameters (Fig. 4b) . However, neither SNO-HSA nor Bev alone significantly inhibited tumor metastasis (Fig. 4b) . In colon cancer patients, it has been shown that patients with a lower expression of both HIF-1a and VEGF experienced significantly lower rates of metastasis to lymph nodes as well as other organs. (38, 39) In this context, we previously reported that SNO-HSA significantly lowered the expression of HIF-1a. (26) Similar results were also observed in the present study, and, more importantly, the combination of SNO-HSA ⁄ Bev showed a more prominent effect (Fig. 5b) . Moreover, the Bev-triggered decrease of VEGF was further enhanced when used in combination with SNO-HSA (Fig. S3) . These findings strongly suggest that the use of a combination of SNO-HSA ⁄ Bev has considerable potential for a therapeutic strategy for suppressing tumor metastasis, but further investigations using other types of metastatic models will be needed to confirm this conclusion. In addition, as shown in Figures 4 and 5 , SNO-HSA can inhibit not only hypoxia-induced autophagy but also drug-inducible autophagy (including inhibitors of angiogenesis), indicating that other combination therapies are possible, in which other inhibitors of angiogenesis and targeting endothelium drugs could be used.
Taken together, in the present study we showed the effect of NO on autophagy inhibition by using a tumor-targeted NO donor, SNO-HSA. This autophagy inhibitory activity of NO may be related to the enhanced antitumor effect of the angiogenesis inhibitor Bev that is known to develop drug resistance by inducing hypoxia and thus autophagy. Moreover, the combination therapy of SNO-HSA ⁄ Bev resulted in a significant decrease in lung metastasis. These findings, along with our previous findings showing the effect of SNO-HSA on inducing tumor cell apoptosis and overcoming drug resistance by inhibiting P-glycoprotein, (24) (25) (26) strongly suggest that SNO-HSA has potential for use in cancer chemotherapy with multiple anticancer mechanisms, and that this system warrants further investigation.
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